Non-gray radiation should be considered in the temperature and emissivity measurements of hydrocarbon flames. In this paper an improved ratio pyrometry by spectral analysis and color image processing is proposed. A Newton-type iterative method is utilized to analyze the spectrometer signals for the detection of monochromatic emissivity, and then the ratio pyrometry based on color image processing is corrected by the detected monochromatic emissivity without making approximations of the filter profiles of CCD camera. The experiments were conducted on a tubular heating furnace with coal gas and a propane flame. The spectral and spatial distributions of emissivity of hydrocarbon flame were detected, and the temperature measurement results at four conditions coincided with the thermocouple with relative errors less than 8.34%. The soot volume fractions in the turbulent diffusion hydrocarbon flame were approximately estimated from the detected emissivity, and are influenced by the O/C in the combustion. This study will provide a simple and effective method for the detection of non-gray radiation of hydrocarbon flames in the combustion industry.
Introduction
The temperature and radiative properties are the important data for combustion process [1] . The combustion products involved in the radiation of hydrocarbon flame are mainly composed of triatomic gases and solid particles, such as carbon dioxide, water vapor and soot [2] . The radiative properties of triatomic gases show a strong spectral selectivity, and the radiation characteristics of soot particles are closely related to the temperature, wavelength and concentration [3] . Therefore, the accurate measurement of temperature and radiative properties of hydrocarbon flame needs to be further researched.
The radiation thermometry based on color image processing has proven to be effective for flame temperature measurement, and the usage of CCD camera to capture flame images is attractive from the perspective of cost reduction [4] . Kuhn et al. evaluated the flame image temperature by two color ratio pyrometry using a lookup table approach without making approximations of the filter profiles [5] . Huang et al. have calculated the distribution of temperature and soot volume of oil swirling flame from CCD images by using a new discrete reconstruction model [6] . Lou et al. used two color CCD cameras to investigate the simultaneous measurement of temperature distribution and radiative properties by radiation analysis [7] .
A CCD camera with band response is not suitable for the detection of non-gray radiation due to the loss of detailed spectral information. Therefore, the flame radiation in the previous ratio pyrometry applications was assumed to be gray [8] . Zhang et al. simultaneously reconstructed the inhomogeneous temperature and radiative properties in an arch-fired boiler by radiation image processing, and the gas and particle mixture media in the boiler was assumed to be gray emitting [9] . Cheng et al. have reconstructed the temperature and radiative properties in a tube furnace from two different monochromatic radiation intensities, with neglecting the non-gray radiation of gas in visible spectrum [10] . However, the radiation of hydrocarbon flame has a strong spectral selectivity, which requires that the detection device must have a higher spectral resolution [11] .
The spectrometer was widely used to detect the radiation spectrum of different flames, and the flame temperature and emissivity were obtained by spectral analysis [12] . Sun et al. proposed a method for judging the gray property of flames based on spectral analysis [13] . Fu et al. [14] proposed the universal function of spectral emissivity in narrow bands, and measured the flame temperature based on spectral bands. Snelling et al. [15] developed a multi-wavelength flame emission technique, and detected the soot temperature and volume fraction in the axisymmetric laminar diffusion flame by collecting the horizontal scans of line-integrated spectra over (500-945) nm. Yan et al. [16] measured the flame temperature and emissivity in the municipal solid waste combustion by spectral analysis and color image processing in the visible spectrum. The spectrometer has a higher spectral resolution and the CCD camera has a higher spatial resolution, thus the combination of color image processing and spectral analysis is effective for the detection of non-gray radiation of hydrocarbon flame.
In this work, the emissivity characteristics of coal gas and propane flame in a tubular heating furnace were detected by spectrometer firstly, and then the two dimensional flame image temperature and emissivity were measured by color image processing, at last the radiation characteristics of combustion products were discussed and some concluding remarks were given.
Emissivity Characteristics and Temperature Measurement

Methodology
For wavelength range from (300 to 2000) nm and temperature range from (800-2000) K, the Planck's law can be replaced by the Wien's law, as shown in Equation (1):
where I(λ,T) denotes the monochromatic radiation intensity at wavelength λ and temperature T, W•m −3 •sr −1 . λ ε denotes the monochromatic emissivity. C1 is the first Planck's constant, 3.742×10 −16 W• m 2 . C2 is the second Planck's constant, 1.4388 × 10 −2 W•K. According to the Taylor series, the monochromatic emissivity is generally simplified as a function of wavelength [17] :
where 0 1 , , ,  m a a a represent the unknown polynomial coefficients, and m is the polynomial order.
The Equation (1) can be rewritten as below:
In the spectrometer, the continuous spectral distribution of radiation intensity is detected, and the unknowns to be solved are the temperature and the emissivity varying with wavelengths. In such conditions, the question becomes how to solve the temperature and polynomial coefficients from the detected radiation intensities Is (λ,T). The equations can be expressed as below:
A Newton-type iterative method is utilized to solve the non-linear Equation (4) . Firstly the initial value of polynomial order is given and the temperature is iterated to make the residual error minimum, as shown in Equation (5) . Secondly, the polynomial order is updated and the corresponding temperature and residual error are calculated. Finally the solutions will reach convergence when the polynomial order is increased, and the convergence can be judged by the residual error [18] :
where Rs denotes the residual error. L2 is the two-norm of the matrix. I s (λ,T) represents the average value of detected radiation intensities, W•m −3 •sr −1 .
In the CCD camera, the radiation is collected in two spectral bands with significant width, and the weighted summation of Planck function is corresponded to the spectral colors of flame image, as shown in Equation (6): 
where 1 λ and 2 λ are the wavelength response range of CCD camera, m. ƞr and ƞg are the spectral response coefficients for each filter, which can be determined by the filter profiles of CCD camera. kr and kg are the calibration coefficients for radiation intensities of each filter. R and G denote the two spectral colors.
In conventional applications of ratio pyrometry, the radiation intensities received by CCD were simplified to the mean multipliers of finite filter widths and intensities at the central wavelengths of each filter [19] , and the temperature could be solved from an explicit equation. However, as shown in the filter profiles of CCD camera, the radiation is collected in three spectral bands with significant width and highly non-uniform spectral response, and the Planck function varies significantly within each spectral window, thus, the simplification of single mean wavelength filter may not accurate for the color image processing. Alternatively, in this work the signal ratio is directly derived from Equation (6) without making approximations of the filter profiles, as Equation (7): 
The monochromatic emissivity in the equation is corrected by the detected values of spectrometer, and then the temperature can be iterated from the implicit equation above. The flame image emissivity can be calculated from Equation (8), and it indicates the Planck-mean value in the visible spectral bands:
In summary, the procedure of color image processing and spectral analysis in the present study is outlined below:
1. The characteristic profiles of spectrometer and the filter profiles of CCD camera are calibrated, in order to extract the radiation intensities from the distorted detection signals; 2. The approximate polynomial of monochromatic emissivity is detected from the spectrometer signals by a Newton-type iterative method; and 3. The ratio pyrometry by color image processing is corrected by the monochromatic emissivity, and then the temperature is solved from an implicit equation without making approximations of the filter profiles of CCD camera.
Experimental Results and Discussion
The experiments were conducted on a gas-fired tubular heating furnace, as shown in Figure 1 . The furnace height was 5.46 m and the cross-section was 3.3 m × 2.7 m. The burner was installed at the center of the bottom wall, with heating capability 1.16 MW and circular nozzle diameter 0.5 m. The propane was added into the coal gas in order to obtain different calorific values and components of gas as real operation. The CCD camera was mounted at the side wall and the probe of the spectrometer was fixed near the fire hole. The detected images and radiation spectrum of the flame were inputted into the computer and were processed for temperature measurement. A movable thermocouple was pushed into the root (point A), the middle (point B) and the upper (point C) part of flame, respectively, to confirm the flame temperature distribution. As the diameter of K-type thermocouple is far smaller than the flame nozzle, the inserting of the thermocouple has no influence on the temperature distribution of the flame. The spectrometer used in the experiment was AvaSpec-2048 (Avantes Inc., Netherlands), which has a choice of 16 different gratings with different dispersion and blaze angles. The response range is in the wavelength from (1400-2100) nm. The spectral resolution is (0.4-0.6) nm, and the signal-to-noise ratio is 250 dB. The calibration was conducted on a blackbody furnace, and the calibration coefficients are determined by the ratios of the detected signals of spectrometer and the monochromatic radiation intensities of blackbody furnace. The characteristic profiles of spectrometer are shown in Figure 2 . As shown in the figure, the coefficient curves at three different temperatures are basically in coincidence, indicating that the calibration coefficients are independent of temperature. The flame image detector consists of a lens, an image guide, a cooling protective sleeve and a Samsung SCC-2313p CCD camera (Samsung Electronics Inc., Suwon, Korea) with 0.4 million pixels (795 × 596). The signal-to-noise ratio of the CCD camera is 52 dB, and the shutter speed is adjustable from (1/120 to 1/10,000) s. The all image enhancement options are set to none. Figure 3 shows the measured filter profiles of the CCD camera, and the radiation is collected in three spectral bands with significant width from (380-780) nm. The red, green and blue channels show similar characteristics with shapes not accurately represented by single Gaussian curves. The coefficients ƞr and ƞg can be obtained from the relative spectral response coefficients of red and green channels in the figure. The characteristic profiles of CCD camera were calibrated on a Mikron Model M330 blackbody furnace (LumaSense Technologies, Inc., Santa Clara, CA, USA). The temperature range of blackbody furnace is from (500 to 2000) K, and the temperature error is within ±1 K. The two calibration coefficients kr and kg for radiation intensities were calculated by fitting polynomial, as shown in Figure 4 . In order to determine the calibration errors of spectrometer and CCD camera, the temperature and emissivity calculated according to the calibration data were compared with the known values of blackbody furnace, as shown in Table 1 . For the blackbody radiation, the spectrometer signals were processed by the conventional ratio pyrometry, and the average temperature and emissivity were calculated, as presented in columns 3 and 5.The maximum calibration errors of temperature and emissivity for the spectrometer are within 2.78% and 5.43%, while those are within 1.31% and 6.72% for the CCD camera, respectively.
The components of coal gas are listed as below: 47.7% H2, 28.9% CH4, 3% CO2, 19.2% CO, and 0.2% O2. The calorie of coal gas and propane was 4400 and 21,742 kcal/m 3 , respectively. The propane and coal gas flows were adjusted to obtain different capacities of the burner as real operation, and the propane flow was gradually increased from case 1 to 4.The preheated combustion air was injected into the furnace independently to form a diffusion flame with the fuel, and the air volume was adjusted according to the oxygen content of flue gas. Assuming that the fuel is completely combusted, the flue gas compositions at four conditions can be estimated, as shown in Table 2 . Figure 5 shows the detected spectrometer signals under four cases. Taking into account the pulsation of the turbulent diffusion flame, the average values of the spectrometer signals within five minutes were calculated. The sampling period of spectrometer is 30 s. As the signal noise is large at wavelengths close to1400 nm and 2100 nm, only the monochromatic radiation intensities from (1500 to 2000) nm were corrected from the spectrometer signals. The variations of temperature and residual error with polynomial order at four conditions are shown in Figure 6 . With the increase of polynomial order, the residual errors decrease firstly and then stabilize. When the polynomial order is greater than six, the changes of temperature and residual error are very small, indicating that the Newton-type iterative method is considered to be converged. Therefore the polynomial order for monochromatic emissivity is selected to be six, and the flame temperatures of four cases are confirmed to be 1195.5 K, 1343 K, 1461.4 K, and 1497.7 K, respectively. The spectral distribution of emissivity of coal gas and propane flame under four experimental conditions were calculated according to the six-order polynomial of wavelength, as shown in Figure  7 . The monochromatic emissivity varies with wavelength and shows a similar trend of variation at four conditions, indicating the strong spectral selectivity of the radiation of hydrocarbon flame. The radiation intensities were reconstructed from the detected temperature and monochromatic emissivity, and the results were compared with the spectrometer signals, as shown in Figure 8 .The reconstructed radiation intensities of four cases agree well with the detected values, proving the performance of the proposed method on spectral analysis. Figure 9 shows the flame images of four cases captured by the CCD camera. The shutter speed for case 1 is 1/250 s, and the others are 1/2000 s. The sampling number of flame images of each case is 60 frames in 5 minutes. The spectral colors of each pixel were extracted from the flame images, and the time-averaged values were calculated as the detection signals for the turbulent diffusion flame. The two dimensional flame image temperatures were calculated by ratio pyrometry with corrections of monochromatic emissivity, and the values in the central axis of flame are presented in Figure10a. The detected temperatures were verified by a movable thermocouple at three points. The temperature distributions of two results along the height are nearly the same, which is higher in the root than that in the upper part.
Case Propane (m 3 /h) Coal Gas (m 3 /h) Capacity of the Burner (%) Oxygen Content (%) Components of Flue Gas
The flame image emissivity along the height direction is shown in Figure10b. Different from the temperature measurement results, the flame image emissivity changes a little along the height direction, and it is evenly distributed for the turbulent diffusion flame. The Planck-mean values of monochromatic emissivity detected by spectrometer were compared with the flame image emissivity, and the deviations demonstrate that the emissivity of hydrocarbon flame in the visible spectral bands is different from that between 1500 and 2000 nm. The temperatures measured by CCD camera, thermocouple and spectrometer were compared in Table 3 . As we can see, the measurement results of spectrometer and CCD camera are close to each other, and are both higher than those of thermocouple. It is attributed to that the temperature obtained by radiation thermometry represents the cumulative value of all radiation in the gaze direction, while it is for the single point inside the flame by thermocouple. The maximum temperature error is within 8.34%, indicating that the color image processing with corrections of monochromatic emissivity is reliable for the temperature detection of hydrocarbon flame. 
where , f λ ε denotes the monochromatic emissivity of the combustion products, and it shows a cumulative effect of absorption coefficients in the cross section. denotes the narrowband transmittance of CO2 and H2O mixtures, and it can be calculated by the SLG spectral model [21] . The wave number is between 5000 and 26,000 cm −1 , and the parameters refer to the measurement results of Luding et al. [22, 23] . The partial pressures of CO2 and H2Oare calculated based on the flue gas compositions in Table 2 . 
where L is the mean path length of ray, m. It is assumed that the soot is only in the flame area, and the path length of soot radiation is 0.45 m. ksoot,λ denotes the spectral absorption coefficient of soot, m −1 . According to the Mie's theory of scattering, the spectral absorption coefficient of soot is determined as follows [24] :
where fv is the soot volume fraction in the flame. n and k are the real and imaginary parts of the complex refractive index of soot particles, respectively, and the values can be determined by referring to the results of Chang et al. [25] : 
The monochromatic emissivity of the mixtures of CO2, H2O and soot is shown in Figure 11 . The wavelength range is 1000-2000 nm. The pressure is 100 kPa, and the temperature is 1343 K. The volume fractions of soot are set as 0ppm and 7 ppm, respectively. As shown in the figure, with the increasing soot volume fraction, the monochromatic emissivity of combustion products is increased. The soot radiation is continuously in the whole band, and is inversely proportional to the wavelength. The mixed gases of CO2 and H2O are not radiated when the wavelength is less than 1500 nm, while it has strong absorption and emission capability between 1500 and 2000 nm. Thus in the wavelength less than 1500 nm, the monochromatic emissivity is dominated by soot radiation and is decreased with the increasing wavelength. In the wavelength from 1500-2000 nm, the monochromatic emissivity is affected by both gas emission and soot radiation. The monochromatic emissivity of combustion products is only related to the volume fraction of soot when the gas compositions and temperature are known. Therefore, the soot volume fraction can be approximately estimated from the detected monochromatic emissivity by spectrometer, and the principle is to find the solution making the following equation minimum:
where λ ε denotes the fitted monochromatic emissivity calculated by the six-order polynomial of wavelength, and , f λ ε denotes the calculated monochromatic emissivity of combustion products. L2 is the two-norm of the matrix.
According to the equations above, the soot volume fractions at four conditions were estimated to be 0.5, 7, 17, and 24 ppm respectively. Figure12 shows the comparisons of the monochromatic emissivity between the detected values of spectrometer and the calculated values of combustion products. As we can see, the two curves of each case are only mathematically approximated, indicating that the actual flame radiation is much more complicated than the theoretical case. As we know, the soot in the hydrocarbon flame is generated by a series of dehydrogenation polymerizations, and it is influenced by the ratios of oxygen to carbon [26] . As shown in Figure13, the ratios of oxygen to carbon in the combustion are decreased with the increasing propane fuel from case 1 to case 4, and then the soot volume fractions in the anoxic region are increased. Different from the spectrometer, the flame image emissivity detected by CCD camera represents the Planck-mean emissivity in the visible spectral bands, and it is also influenced by the filter profiles of CCD camera. Based on the detected flame image temperatures and the estimated soot volume fractions, the Planck-mean emissivity of the combustion products can be determined as follows [27] : 
where P ε denotes the Planck-mean emissivity of combustion products such as CO2, H2O, and soot in the visible spectral bands.
As shown in Figure 14 , the flame image emissivity obtained by color image processing essentially agreed with the Planck-mean emissivity of estimated soot volume fraction in the visible spectral bands, indicating that the flame image emissivity detected by CCD camera also can be used to reconstruct the soot volume fraction in the flame. On the other hand, the CCD camera has millions of pixels and has a higher spatial resolution, thus it is feasible for the usage of CCD image processing to detect the spatial distribution of temperature and radiative properties of hydrocarbon flame. 
Discussion
This paper presented an improved ratio pyrometry based on spectral analysis and color image processing, and the temperature and emissivity of coal gas and propane flame in a tubular heating furnace were measured by the presented method. The detected monochromatic emissivity presents a six-order polynomial of wavelength, and it is dominated by soot radiation in the visible spectral bands while it is affected by both gas emission and soot radiation in the 1500-2000 nm bands. The soot volume fractions in the hydrocarbon flame were approximately estimated from the detected emissivity, and are influenced by the O/C in the combustion. The two dimensional flame image temperature and emissivity were measured by color image processing with corrections of monochromatic emissivity, and the temperature measurement errors are less than 8.34%, which validate the effectiveness and accuracy for its application in the temperature measurement of hydrocarbon flame. The flame image emissivity represents the Planck-mean emissivity in the visible spectral bands, and it is also closely related to the soot volume fractions. The spatial information of detected temperature and emissivity of hydrocarbon flame will provide important references for studying the soot generation and oxidation processes.
